Abstract. The specific, local modification of the electronic structure of carbon nanomaterials is as important for novel electronic device fabrication as the doping in the case of silicon-based electronics. Here, we report low temperature scanning tunneling microscopy and spectroscopy study of semiconducting carbon nanotubes subjected to hydrogen-plasma treatment. We show that plasma treatment mostly results in the creation of paired electronic states in the nanotube band gap. Combined with extensive first-principle simulations, our results provide direct evidence that these states originate from correlated chemisorption of hydrogen adatoms on the tube surface. The energy splitting of the paired states is governed by the adatom-adatom interaction, so that controlled hydrogenation can be used for engineering the local electronic structure of nanotubes and other sp 2 -bonded nanocarbon systems.
Introduction
Tailoring electronic properties of materials via doping has always been a powerful tool in device design with the most spectacular success being in silicon-based microelectronics. After the discovery of nanostructured carbon materials such as fullerenes [1] , nanotubes [2] , nanodiamonds [3] , and the recent ability to isolate a single monolayer of graphene [4] , the efficient nanoscale control over the local electronic properties of carbon materials has become increasingly important, as nanocarbon is a possible candidate to replace silicon in electronics [5] .
Recent studies have attempted to dope nanocarbon with B and/or N atoms, [3] , [6] - [8] and references therein. Considerable attention has also been given to effects of hydrogenation on the electronic structure of nanocarbon [9] - [13] . A single hydrogen atom chemisorbed on the wall of a sp 2 -hybridized carbon system can be regarded as a defect, switching a single carbon atom from a sp 2 -to a sp 3 -bonding configuration and localizing the corresponding π-electron in a σ -bond. The importance of the H-C complex to control the electronic structure can be understood from organic chemistry, where the increasing degree of hydrogenation of a metallic sp 1 carbon chain changes its nature to a semiconductor (polyacetylene) or even an insulator (polyethylene).
In this work, by combining low temperature scanning tunneling microscopy and spectroscopy (LT-STM/STS) with first-principle computer simulations, we study the effects of individual adsorbed hydrogen atoms on the electronic structure of single-walled carbon nanotubes (SWNTs), which are one of the most promising members of the nanocarbon family from the viewpoint of applications in nanoelectronics. We show that one can create stable H adatoms by exposure of SWNTs to a hydrogen electron cyclotron-resonance (ECR) plasma and that these defects locally modify the electronic structure of SWNTs in a unique way. In addition to being of broad scientific interest, the study of defects in semiconductors is of prime technological importance [14] . Local carrier lifetime engineering in high power PIN silicon diodes by ion-implantation and creation of deep levels may be given here as an example [15] . In this paper, we show both experimentally and theoretically that local creation of such deep levels 3 is also possible for semiconducting SWNTs. This ability might be used for carrier lifetime engineering in SWNT in analogy to silicon devices.
Previous experiments [16] - [20] have demonstrated that hydrogen adatoms chemisorbed onto sp 2 -carbon are stable and that interaction between H adatoms lowers the adsorption energies, resulting in adatom clustering. However, the electronic structure near adatoms and effects of adatom-adatom interactions have never been experimentally studied.
Experimental

LT-STM/STS set-up
To get insight into the details of atomic hydrogen interaction with carbon nanotubes, we perform LT-STM/STS studies of semiconducting SWNTs subjected to hydrogen plasma treatment. The experiments were performed in a commercial LT-STM set-up (Omicron) working in ultra high vacuum (UHV) with a base pressure below 10 −10 mbar. The STM topography images were recorded in the constant current mode with the set-point voltage applied to the sample. We used cut Pt/Ir tips for the topographic scans and the spectroscopy, where the metallic nature of the tips was checked regularly on the gold substrate.
Sample
Gold surface and SWNT deposition.
We used HiPCo SWNTs [21] deposited on gold substrates. The SWNT raw material was sonicated for about 3 h in 1,2-dichloroethane in order to obtain a homogeneous colloidal suspension. The gold on glass substrates were treated under UHV conditions using sputtering and annealing cycles to show flat monoatomic Au(111) terraces. After ex situ deposition of a SWNT suspension droplet on the well-prepared gold surface with a glass pipette, we performed an additional heating cycle (∼350
• C) of the sample in the preparation chamber in order to remove any residue from the solvent of the suspension. STM investigation of the pristine samples revealed individual and bundled-up SWNTs, and typical herringbone structures of the Au(111) surface could still be observed on parts of the sample.
Creation of hydrogen plasma-induced defects.
The defects on the SWNTs were created with a 2.45 GHz ECR hydrogen plasma source fitted to the preparation chamber of the LT-STM. Typical treatments with the in situ 2.45 GHz ECR plasma source were performed at a hydrogen pressure of about 8 × 10 −2 mbar and a microwave power of 60 W. The H-ion kinetic energy distribution measured with an electrostatic analyser showed that 85% of the hydrogen ions have energy between 0 and 2 eV, and the maximum detected energy was about 16 eV. A typical ion flux with the sample positioned right under the antenna was of the order of 2 × 10 13 s −1 cm −2 [16] . The sample is positioned at a vertical distance of 6 cm below the glow zone of the plasma. Further the sample can be translated horizontally up to 7 cm away from the center of the plasma glow zone, such that the ion flux on the sample can be changed by plasma power and horizontal position of the sample. A mean defect separation of about 10 nm (about 1 defect per 200 nm for intrinsic defects) is well suited to study the long-range modification of the local density of states (LDOS) induced by individual defects. Typical exposition times and position of the sample for a mean created defect separation of about 10 nm were determined with STM investigation on plasma subjected highly oriented pyrolytic graphite (HOPG). These parameters were found to be 1 s and 4.5 cm, respectively.
Topography measurements
After exposure of the SWNTs to the hydrogen plasma, STM revealed the appearance of hillock-like protrusions with apparent heights usually comprised between 1 and 3 Å and lateral extension varying between 5 Å and 20 Å, see figure 1 and the upper panels in figure 2 (all the STM topography images presented in this work were treated with the software WSXM [22] , i.e. correction of the tilt plane by a plane fit if necessary and an optimization of the height scale range of the image). These hillocks could be associated with hydrogen adatoms or other point defects such as vacancies [23] and vacancy-hydrogen complexes [24] . Previous works on graphite with the same plasma conditions [17, 25] showed the occurrence of adatoms to be four times higher than that of vacancies. One can expect even more chemisorption sites on SWNTs because of the curvature-induced lowering of the adsorption energy barrier [16, 26] . Due to the fact that atomic resolution is lost at the hillocks, it was not possible to determine whether the hillocks originate from individual point defects or several close structures.
Spectroscopy measurements
The electronic structure of the hydrogen plasma-induced defects was investigated via STS using the lock-in technique. In comparison with the unperturbed regions of the SWNTs, single point spectroscopy measurements on defect sites revealed dramatic changes in the dI/dV spectra, which can be associated with changes in the LDOS [27, 28] . We have investigated a large number of defects and present here the typical cases. As the most common feature, one or two intense and very narrow peaks in the band gap were observed, see figure 2. The single peaks can be found at different positions in the bandgap, either in the midgap region or close to (or even at) the valence or conduction band edges (VBE, CBE). A pair of peaks positioned symmetrically relative to the band gap edges represents the most commonly observed feature.
To study the spatial evolution of the defect-induced modifications of the LDOS, we performed dI/dV spectra as a function of tip position x along the tube axis with a spatial show the dI/dV map of two semiconducting SWNTs with a series of defect sites, recorded along the horizontal dashed lines. By comparing the experimentally determined chiral angles (corrected for tip-tube convolution effects according to [29] ) and the experimental bandgap energies with values from tight-binding calculations (taking into account curvature effects) [30] , we could determine the chiral vectors of the semiconducting SWNTs in figures 2(a) and (b) to be (11,1) and (6,2), respectively. Note that the topography image in figure 2(a) shows a double tip artifact. The same tube is imaged here twice as we can judge from the atomic resolution where both tubes show the same chirality and also from the fact that the relative position of the two defects is the same. We have performed a number of spectroscopy line scans in this image and on both tubes the spectroscopy shows identical features. As it is actually the same tube imaged with two different protrusions of the tip, this indicates that the spectroscopic features are indeed intrinsic to the tube and not to the tip. P1 in figure 2 (a) denotes a characteristic single peak in the LDOS associated with a defect site. In the case presented here, P1 lies slightly above the VBE. The intensity of such peaks is typically about four times higher than the averaged intensity of the surrounding LDOS structure at the same position x (see figures 2(b) and (c)). On the right-hand side of figure 1(a) , the frequent double peak structure mentioned above can be observed (P2-P3), with an energy separation of 0.47 eV. This energy separation of about half an electronvolt is very typical, as can be observed in analogous features (P4-P5 and P8-P9) in figure 2(b) . However, larger energy separations can also occur, as P6-P7 in figure 2(b) shows, where we measure an energy difference of 1.15 eV. For each measured spectra, the STS parameters used give an energy resolution of about E = 15 meV, which is about two times smaller than the narrowest measured FWHM of 26 meV for P2 in figure 1 . The same spectra map of figure 2(b) shows a rigid shift of the band edges towards higher energy. A profile of the gold substrate along a line parallel to the tube axis (not shown) shows that the (6,2) tube is suspended between a terrace edge at the position x ≈ 9 nm and another SWNT crossing at the position x ≈ 19 nm, inducing an inhomogeneous charge transfer between the SWNT and the substrate [31] . A similar behavior was already observed for crossed SWNTs on gold and was attributed to an effective hole doping in the suspended region, resulting from a reduced screening of the charge accumulation layer by the gold substrate [31, 32] .
The band shift is highlighted by the dashed red lines denoting the CBE and the midgap level, respectively. As can be clearly seen, the energetic positions of the two double peak structures P4-P5 and P8-P9 are symmetric with respect to the SWNT midgap level and not the Fermi energy from which we can deduce that they are intrinsic to the electronic structure of the modified tube and do not result from interaction with the substrate. The small spatial extent of the new electronic states below 2 nm indicates the effectiveness of our method to produce very localized and intense modifications of the electronic structure of SWNTs, yet without excessively damaging their structure. Both features, the strong modification of the electronic structure and the relatively low structural damage, are prerequisites from the perspective of using these methods to specifically alter the transport properties in SWNT-based devices. 
Density-functional theory (DFT) simulations
Simulation set-up
To understand the nature of the created defects and the type of the induced electronic modifications, we calculated the atomic and electronic structure of nanotubes with different defect structures within the framework of DFT. We used projector augmented wave (PAW) potentials [33] to describe the core electrons and the generalized gradient approximation (GGA) [34] for exchange and correlation implemented in the plane-wave code VASP [35] . All structures were fully relaxed until the forces acting on atoms were less than 0.02 eV Å −1 . A kinetic energy cutoff of 400 eV was found to converge the total energy of our system to within meV. The same accuracy was also achieved with respect to the k-point sampling of the Brillouin zone (normally 9 points along the tube axis). The band structure and LDOS were calculated with a larger number of k-points (32-48 points), while the electron density was kept fixed. The calculated STS spectra represent LDOS on atoms within the range of 3 Å from the adatoms averaged with equal weights.
We considered (10,0), (8, 4) and (8,0) nanotubes with up to 120 carbon atoms in the simulation cell. We could not simulate the nanotubes with the chiral indices determined from the experiments due to the prohibitively large unit cells of these tubes. As our theoretical results for the investigated tubes are in qualitative agreement with the experimental observations, we believe that our simulations for the three tubes are sufficient to generalize our results to all semiconducting SWNTs.
SWNT with a single H adatom
We started by calculating the atomic and electronic structure of nanotubes with a single H adatom. In agreement with previous simulations [9, 10, 18, 36, 37] , we found that the adatom occupies the position on top of a carbon atom, figure 4(a), with adsorption energy of 1.5-2 eV and C-H bond length 1.1 Å for the tubes studied. The H adsorption energy is higher for nanotubes with small diameters than for graphene as curvature enhances sp 3 bonding. The adsorption resulted in the formation of a new dispersionless state in the middle of the gap, figure 4(d) , and spatial oscillations of the electron density near the Fermi level, as shown in figure 4(b) . Such oscillations near point defects were already reported for vacancies in simulations [23] and STM investigations on ion-irradiated multi-walled carbon nanotubes (MWNTs) [38] , and could be assigned as √ 3 × √ 3R30
• superstructures due to large momentum scattering of the π-electrons at defect sites. The same characteristic superstructures can also be observed in the vicinity of hydrogen plasma-induced defects [39] , indicating the possibility to tune the electronic transport properties using hydrogen adatoms.
We also studied the electronic structure of nanotubes with point defects such as single vacancies and vacancies decorated with several H atoms. We found that vacancy-related defects also result in the formation of a single peak in the gap with the peak position being dependent on the defect type. As discussed above, the probability for vacancy-type defects to appear is much smaller than for adatoms, so the H-adatoms are the most probable candidates to explain single peaks in the middle of the gap, while vacancy-H complexes may be the origin of antisymmetric peaks, as peak P1 in figure 2 (a) . None of the simulated vacancy-related defects gave rise to two peaks in the gap.
Adatom-adatom interactions
Having studied the adsorption of one H atom, we calculated the total energy and the electronic structure of nanotubes with two adatoms, as shown in figure 4(c) . The different positions of the adatoms are schematically shown in figure 5(a) . The first H adatom is fixed on the position labeled '0' while the second is positioned above nearby atoms as shown in figure 5(a) . The total energy of the system as a function of separation between the adatoms is presented in figure 5 (b). Zero energy corresponds to infinite separation of adatoms. The lowest energy configuration was found to be two adatoms on adjacent sites.
It is evident from figure 5 that the energy depends non-monotonously on the adatom separation, with the minima at the sites corresponding to the cusps in the electron density near a single adatom, cf figures 5(a) and 4(b). The difference in energies corresponding to different adsorption positions was more than 1 eV at small separations (positions '0-2' and '0-4', in agreement with the results for graphite [19, 20] ). The difference clearly originates from electronic effects, as (i) H adatoms do not give rise to a large distortion of the lattice, so that interaction through strain fields can be excluded; (ii) the maxima-minima structure perfectly matches the cusp-node pattern in the electron density near a single adatom. The saw-tooth dependence can be understood in terms of the slightly different amount of π-electron density available near the Fermi level for making a bond between the nanotube atom and the second H adatom.
A similar phenomenon-substrate mediated long-ranged oscillatory interaction-was previously reported for adatoms on metal surfaces [40] . However, such a result is somewhat unexpected for a semiconducting system, as the new states should be more spatially localized near the defect than in a metal system. Although the simulated nanotubes were too small to quantitatively extrapolate the dependence to large adatom separation, one can assume from tight-binding simulations for bigger systems [23] that the interaction is effective in a range of up to dozen nanometres, coinciding with the extension of electronic superstructures near the defects.
Adatom-adatom interaction gives rise to another salient feature: the H adatom-induced states split into two peaks in the LDOS which are symmetric with the midgap level, as shown in figures 4(e)-(g). Depending on the adatom-adatom separation, the position of the peaks can be in the middle of the gap (deep levels), figure 4(f), close to the band edges (shallow levels), figure 4(g), or at the band edges, figure 4(e). All these positions were found to be metastable (separated by energy barriers from each other) so that all of them can exist at the experimental temperature of about 5 K. The structures presented in (f) and (g), with a maximum peak FWHM of 60 meV are in very good agreement with the measurements, and can be associated with the double peak spectra P2-P3, P4-P5, P8-P9 (deep levels) and P6-P7 (shallow levels) presented in figure 2. An important feature can be seen in figure 5(c): the splitting is proportional to the adsorption energy for the second adatom and thus to the strength of the adatom-adatom interaction.
Conclusions and outlook
Our results indicate that H adatom adsorption energy is different if there is another adatom nearby, with the interaction being non-monotonously dependent on the separation. As adatomadatom interaction changes the sticking coefficients for H on graphite [20] , this is also likely to happen in SWNTs, thus explaining the abundance of double-peak structures. The interaction should also affect adatom diffusion 5 and hydrogen desorption (e.g. due to additional barriers for diffusion from site '4' to site '0' via site '3'), and assuming that the chemisorption mechanism is more important than molecular physisorption [41] , thus maximum hydrogen uptake in nanotubes. Note that this effect is not taken into account in numerous Monte-Carlo simulations of hydrogen-nanotube interactions.
The interplay between sticking, desorption and diffusion can be used to control the distribution of H-H adatoms. Thus our results point out that partial hydrogenation of carbon nanotubes by using, e.g. masks, followed by annealing at pre-determined temperatures can be employed for engineering the electronic structure of nanotubes and creating paired states in the semiconducting gap. This has important implications in, for example, optoelectronics [42] where the symmetric gap states can act as local recombination centers for electrons and holes by emission of a photon of well-defined energy. Formation of new states can also be expected in graphene nanoribbons and other graphitic systems. The changes in the electronic structure due to long-ranged interactions between adatoms may also be very important for understanding proton-irradiation-induced magnetism in carbon systems [43] - [45] .
To conclude, we used hydrogen-plasma treatment and LT-STM/STS methods to alter the electronic structure of semiconducting nanotubes. Our experiments and first-principles simulations provide direct evidence for the correlated chemisorption of hydrogen adatoms on the nanotube surface, clearly manifested by new states in the band gap. As the positions of the new states are governed by the adatom-adatom distribution, controlled hydrogenation can be used for engineering the local electronic structure of carbon nanotubes.
